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pen access Abstract Emulsiﬁed oil in waste water constitutes is a severe problem in the different treatment
stages before disposed off in a manner that does not violate environmental criteria. One commonly
used technique for remediation of petroleum contaminated water is adsorption. The main objective
of this study is to examine the removal of oil from oil–water emulsions by adsorption on bentonite,
powdered activated carbon (PAC) and deposited carbon (DC). The results gave evidence of the
ability of the adsorbents to adsorb oil and that the adsorptive property of the three adsorbents
(bentonite, PAC, and DC) has been inﬂuenced by different factors. The effects of contact time,
the weight of adsorbents and the concentration of adsorbate on the oil adsorption have been stud-
ied. Oil removal percentages increase with increasing contact time and the weight of adsorbents, and
decrease with increasing the concentration of adsorbate. Equilibrium studies show that the Freun-
lich isotherm was the best ﬁt isotherm for oil removal by bentonite, PAC, and DC. The data show
higher adsorptive capacities by DC and bentonite compared to the PAC.
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1.1. Produced water and its impact on the environment
In crude oil producing operations it is often necessary to handle
brine that is produced with the crude oil. This brine must be
separated from the crude oil and disposed off in a manner that
does not violate environmental criteria. In offshore areas the
governing regulatory body speciﬁes the maximum hydrocarbon
content in water that is allowed to be discharged overboard [1].
The Egyptian environmental law stipulates that disposed
water should not contain more than 15 mg/L of oil, and
this requirement is becoming more enforced as damaging
10 K. Okiel et al.environmental effects from oily wastewater become more
apparent. The regulations require that non-dissolved and
dissolved components should be removed from the wastewa-
ter before disposal [2].
Due to hazards of oil ﬁeld efﬂuents on environment, treat-
ment is necessary before disposal. Treatment of these efﬂuents
may result in improved oil/water separation, improved water
quality, oil recovery, water reuse, protection of downstream
facilities and environmental permit compliance [3].
Many techniques are available for the separation of
oil–water emulsions, including a variety of ﬁlters [4], chemi-
cal dosing, reverse osmosis, gravity separation, ultra-ﬁltra-
tion [5], micro-ﬁltration [6], biological processes [6], air
ﬂotation [7,8], membrane bioreactor [9], chemical coagula-
tion, electrocoagulation and electroﬂotation [10]. One com-
monly used technique for removing organics dissolved in
water is the process of adsorption; which involves the sepa-
ration of substances from one phase to the surface of an-
other. The adsorbing phase is the adsorbent, and the
material concentrated or adsorbed at the surface of that
phase is the adsorbate [11].
1.2. Adsorption and adsorbing materials
Adsorption process is the physical adhesion of the polluting
chemicals onto the surface of a solid. A wide range of materials
for water remediation have actually been employed in recent
years. These include activated carbon, bentonite, peat, sand,
coal, ﬁberglass, polypropylene, amberlite, organoclay, and
attapulgite [12]. Activated carbon is an adsorbent that is com-
monly used in the removal of a wide variety of organic com-
pounds including oil from water and has proven to be
technically feasible [13]. Remediation of petroleum hydrocar-
bon contaminated ground-water by the use of activated carbon
was studied, and the results reveal that PAC is more effective
in the remediation of ground water than GAC (granular acti-
vated carbon) and therefore its use is recommended [14].
Activated carbon adsorption has been recommended by the
United States Environment Protection Agency (USEPA) as
one of the best available technologies (BAT) [15] in removing
organic compounds, but it is expensive especially for develop-
ing countries.
The sorptive nature of bentonite organo-clay for some
organic pollutants had been extensively studied [16,17]. It
was reported that bentonite organo-clay is effective in the
removal of oil from oily waters, in ﬁltration (column) sys-
tems, a mixture of organo-clay and anthracite can remove
as much as 50% of its weight in oil which is about 5–7
times the removal rate of activated carbon [18,19]. Recent
studies [20–22] had also shown that bentonite organo-clay/
anthracite were quite effective in removing oil from a num-
ber of oil-in-water emulsions.
Diesel exhaust consists of particle-phase organic com-
pounds that are produced through the combustion of fuel. A
major portion of the common compounds in diesel exhaust is
carbon black. Chemical analyses showed that the deposited
carbon black (DC) is the primary constituent of the diesel par-
ticulate matter, accounting for an average of 73–80% of the
total mass [23,24]. DC was used as adsorbent, it is obvious that
it is more inexpensive and its efﬁciency for removal of oil in
water has been compared with bentonite and PAC as a
reference.1.3. Adsorption isotherms
The adsorption of a substance from a liquid phase to the sur-
face of a solid phase in a system leads to a thermodynamically
deﬁned distribution of that substance between the two phases
when the system reaches equilibrium; that is when the rate of
adsorption of solute onto the surface of the adsorbent is the
same as the rate of its desorption from the surface of the adsor-
bent. Therefore, there is no further net adsorption occurs.
Several mathematical relationships have been developed to
describe the equilibrium distribution of solute between the
solid and the liquid phases at a constant temperature and thus
aid in the interpretation of the adsorption processes. The most
widely used models are the Langmuir and the Freundlich iso-
therms. They are useful for describing the adsorption capacity
of a speciﬁc adsorbent.
1.3.1. The Langmiur isotherm
The Langmiur equation for solid–liquid system is commonly
written as:
qe ¼
KLCe
1þ bCe ð1Þ
where qe is the amount of adsorbate per unit weight of adsor-
bent (mg/g), Ce is the concentration of adsorbate in solution
at equilibrium after the adsorption is complete (mg/L), KL is
the amount of solute adsorbed/unit weight of an adsorbent in
forming a complete monolayer on the surface (mg/g), and b is
the constant related to the energy or net enthalpy of adsorption.
The linear form of Langmuir expression is
Ce
qe
¼ 1
KL
þ b
KL
Ce ð2Þ
Therefore, a plot of Ce/qe versus Ce gives a straight line of
slope b/KL and intercepts 1/KL.
The essential characteristics of the Langmuir isotherm
could be expressed in terms of a dimensionless constant, sepa-
ration factor or equilibrium parameter r that is deﬁned as fol-
lows [26,27]:
r ¼ 1
1þ bC0 ð3Þ
where C0 is the initial adsorbate concentration (mg/L) and b is
the Langmuir constant related to the energy of adsorption
(L/mg). The value of r indicates the shape of the adsorption
isotherm to know whether adsorption is unfavorable (r> 1),
linear (r= 1), favorable (0 < r< 1), or irreversible ((r= 0).
1.3.2. The Freundlich model
The Freundlich isotherm can be applied to nonideal adsorp-
tion on heterogeneous surfaces as well as multilayer sorption
and is expressed by the following equations:
qe ¼ KfC1=ne ð4Þ
A linear form of this expression is
log qe ¼ logKf þ 1=n logCe
where Kf is the Freundlich equilibrium constant which indicate
the adsorptive capacity and n is the Freundlich constant indic-
ative of the afﬁnity of the adsorbate for the surface of adsor-
bent, qe is the amount of adsorbate per unit weight of
adsorbent (mg/g), Ce is the concentration of adsorbate in solu-
tion at equilibrium after the adsorption is complete (mg/L).
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moval efﬁciencies of different adsorbents such as PAC,
bentonite, and DC from oil–water emulsion. Also the factors
affecting their adsorptive nature (concentration, time of stir-
ring) have been examined. The Freundlich adsorption-iso-
therm and Langmuir adsorption-isotherm models are applied
and the best-ﬁt adsorption isotherm model for oil removal
by bentonite, PAC, and DC is shown
2. Experimental
2.1. Preparation of adsorbents
Powdered activated carbon was obtained from ADWIC CO.
Egypt, of mesh size 300 and density of 0.32 g/Cm3. Bentonite
was obtained from BAROID CO. Houston, of mesh size 200
and density of 1.15 g/Cm3. Deposited carbon was collected
from stack of Diesel Generator CATERPILLAR CAT 4008,
it was very ﬁne powder, passed from 300 mesh. The three
absorbents used bentonite, PAC or DC were washed several
times with distilled water, then dried in a hot air oven at
105–110 C for 4 h and stored in a desiccator at room
temperature.
2.2. Preparation of samples
The oilﬁeld produced waste water samples from Gamasa
Petroleum Company, oil treatment facilities, eastern desert,
Egypt were collected from the efﬂuent (main) waste water pipe
line before waste water treatment unit.
The samples were collected in glass containers and trans-
ported to the laboratory. The samples were poured in 2 L sep-
arating funnel and left for 24 h to stabilize and separate any oil.
2.3. Treatment of samples
The stabilized oil–water emulsion samples were divided into
200 ml portions and treated with different doses of adsorbentsTable 1 Oil removal efﬁciency from the oil–water emulsions sampl
deposited carbon.
Adsorbent Weightg/200 ml
oil–water emulsion
Time of stirring
(h) 400 rpm
Bentonite 0.5 0.5
0.1 1.0
0.5 1.0
0.5 2.0
1.0 2.0
0.5 4.0
1.0 4.0
PAC 0.1 0.5
0.5 0.5
0.5 2.0
1.0 4.0
DC 0.1 0.5
0.5 2.0
1.0 2.0
0.1 4.0bentonite, either PAC, or DC. The adsorptive capacity of the
adsorbents was determined by aqueous phase isotherm tech-
nique according to (ASTM-D 3860, 1992) [25]. The treated
samples were stirred with a magnetic stirrer (400 rpm) for dif-
ferent contact time intervals (0.5, 1.0, 2.0, 3.0 and 4.0 h). The
treated samples were ﬁltered through ﬁlter papers (Whatman
No. 3). The amount of oil removed was determined.
2.4. Determination of oil content
Oils were extracted from the untreated and treated samples as
initial oil concentration and ﬁnal oil concentration according
to the standard method (ASTM-D 3921, 1992) [25] using
1,1,2-trichloro-1,2,2-triﬂuoroethane as a solvent. The extracted
oils were diluted and examined by infrared spectroscopy (Per-
kin–Elmer Spectrum One) to measure the amount of oil
removed.
3. Results and discussion
For preliminary studies, the extracted oils from the studied oil–
water emulsion samples were determined before and after
treatment at different conditions and the results are given in
Table 1. The initial oil concentration varies from 600 to
1210 ppm for the various emulsions and the ﬁnal oil concentra-
tion varies from 17 to 698 ppm with the percentages oil re-
moval range from 20.0 to 98.3.% Such results show evidence
of the ability of the adsorbents to strip-off the contaminant.
However, the adsorptive properties of the three adsorbents
(bentonite, PAC, and DC) are variable. This has been inﬂu-
enced by different factors including the weight of adsorbents,
time of stirring, and the concentration of the adsorbate. Differ-
ent dosages of adsorbents were used (0.1, 0.3, 0.5, 0.7, 1.0,
1.5 g), and different time of stirring intervals were applied
(0.5, 1.0, 2.0, 3.0, 4.0) h.
Table 1 illustrates that increasing the weight of bentonite
from 0.1 g to 0.5 g increase the percentage oil removal from
22.6 to 74.3 after stirring 1.0 h for the treatment of 200 mles by adsorption on bentonite, powdered activated carbon, and
Initial oil
concentration
(mg/L)
Final oil
concentration
(mg/L)
Oil removal
(%)
1012 395 60.97
836 647 22.61
836 215 74.28
1012 81 91.5
1012 53 97.0
1012 56 94.5
1012 17 98.32
600 480 20.0
600 160 61.0
836 144 82.78
836 54 93.54
1012 698 31.0
1012 96.8 92.0
1012 30.3 97.5
1012 465 54.1
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Figure 1 Effect of contact time on the amount of oil adsorbed
per unit weight of adsorbent qe.
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Figure 2 Effect of contact time on the residual oil content %.
12 K. Okiel et al.oil–water emulsion of initial concentration 836 ppm. On treat-
ing oil–water emulsion with initial oil concentration 1012 ppm
using 0.5 g of bentonite and increasing the time of stirring from
0.5 to 4.0 h increase the oil removal from 60.97% to 94.5%
and decreasing the stirring contact time to 2.0 h slightly de-
crease the oil removal to 91.5%. This reveals the importance
of determining the equilibrium time, that is, when no further
net adsorption occurs and the system reaches equilibrium.
Maximum oil removal for the same emulsion was obtained
by using 1.0 g absorbent and after stirring time 4.0 h.
In case of using powdered activated carbon (PAC) as the
absorbent, increasing the weight of absorbent from 0.1 to
0.5 g led to the increase in oil removal from 20.0% to 61.0%
on treating sample of 600 ppm (initial oil concentration) and
after stirring time of 0.5 h. On treating oil–water emulsion
sample (836 ppm initial oil concentration) with 0.5 g PAC
and stirring for 2.0 h gave oil removal of 82.78% and with
1.0 g of the adsorbent and stirring time for 4.0 h gives 93.54%.
Table 1 illustrates also, that increasing the dosage of adsor-
bent led to increasing the oil removal percentage because each
adsorbent particle has to purify a certain volume of water so
that a higher dosage is required to reach the equilibrium faster
than the low dosage and consequently, enough time must be
allowed for the low dosage.
The results in Table 1 also show that the adsorption capac-
ity of DC for oil in oil–water emulsion is higher than of PAC
and of bentonite and using 0.5 g of DC, PAC, and bentonite
on treating oil–water emulsion sample (1012 ppm initial oil
concentration) at equilibrium gave oil removal 92.0, 82.8,
and 91.5, respectively. And using only 0.1 g of DC achieves
54.1% oil removal at equilibrium on treating emulsion sample
of 1012 ppm, comparing to PAC (20.0%) and bentonite
(22.6%).
3.1. Effect of contact time
In order to establish the equilibrium time for maximum uptake
of oil from oil–water emulsion, the amounts of oil adsorbed on
the adsorbents (bentonite, PAC, DC) were studied as a function
of stirring time, which varied from 0.5 to 4.0 h, using initial oilTable 2 Effect of contact time on the amount of oil adsorbed a
concentration 1000 mg/L.
Adsorbent Time of stirring (h) Residual oil concentration (mg/L) (Ce)
Bentonite 0.5 390
1.0 270
2.0 85
3.0 70
4.0 55
PAC 0.5 625
1.0 418
2.0 194
3.0 180
4.0 165
DC 0.5 375
1.0 221
2.0 64
3.0 52
4.0 35concentration of 1000 mg/L and with dosage of 0.5 g adsor-
bent. The results are given in Table 2 and the relationship be-
tween the amounts of oil adsorbed per gram of adsorbent qe
as a function of the time was shown in Fig. 1. It is clear that
the amount of oil adsorbed increased with increasing contact
time. The rate of uptake of oil is rapid at the beginning and
within 2.0 h 91.5% removal is completed by bentonite andnd oil adsorbed per unit weight of adsorbent qe, at initial oil
Adsorbed oil (C0–Ce) (%) Weight of adsorbed oil (mg) qe (mg/g)
61.0 122 244
73.0 146 292
91.5 183 366
93.0 186 372
94.5 189 378
37.5 75 150
58.2 116.4 232.8
80.6 161.2 322.8
82.0 164 328.0
83.5 167 334.0
62.5 125 250
77.9 155.8 311.6
93.6 187.2 374.4
94.8 189.6 379.2
96.5 193 386
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Figure 3 Effect of the initial concentration of oil on the
adsorption of oil under optimized condition (contact time 2.0 h,
and 0.5 g adsorbent).
Table 3 Effect of initial oil concentration on oil removal and adsorption efﬁciency by bentonite, PAC, and DC (weight of adsorbent
0.5 g, contact time 2 h).
Adsorbent Initial oil concentration, C0 (mg/L) Final oil concentration, Ce (mg/L) Oil removed, C0–Ce (mg/L) Oil removal (%) qe (mg/g)
Bentonite 836 29.3 806.7 96.5 323
1012 86.0 926 91.5 370
1210 115 1095 90.5 438
1613 234 1379 85.5 552
PAC 836 145.5 690.5 82.6 276
1012 196 816 80.6 326
1210 290 920 76.0 368
1613 443 1170 72.5 468
DC 836 21.0 815 97.5 326
1012 65.0 947 93.6 379
1210 97.0 1113 92.0 445
1613 189 1424 88.3 570
Table 4 Application of Langmiur and Freundlich models.
Absorbent Weight of
adsorbent
Residual
oil Ce (mg/L)
Adsorbed
oil C0–Ce (mg/L)
W
o
Bentonite 0.10 550 450
0.30 260 740 1
0.50 85 915 1
0.70 55 945 1
1.00 30 970 1
1.50 10 990 1
0.10 622 378
0.30 320 680 1
PAC 0.50 194 806 1
0.70 132 868 1
1.00 75.4 924 1
1.50 43.5 956 1
0.10 540 460
0.30 220 780 1
DC 0.50 64 936 1
0.70 45 955 1
1.00 23 977 1
1.50 7 993 1
Treatment of oil–water emulsions by adsorption onto activated carbon, bentonite and deposited carbon 1393.6% is completed by DC and 80.6% by PAC. These data
indicated that the reasonable time for adsorption equilibrium
was 2.0 h. The relationship between the amounts of residual
oil% as a function of stirring time was shown in Fig. 2. It is
obvious that the residual concentration decreases with increas-
ing the stirring time until 2.0 h for the three adsorbents. There-
fore, 2.0 h was considered as a sufﬁcient time for the adsorption
of oil from oil–water emulsion on the three adsorbents under
the used operating conditions.
3.2. Effect of initial concentration of adsorbate
The effect of the initial concentration of oil on the adsorption
under optimized conditions (stirring time 2.0 h, and 0.5 g
adsorbent) was studied. The adsorbed oil concentration%
was studied as a function of initial oil concentration. The ini-
tial concentration of oil of 836, 1012, 1210, and 1613 ppm were
used for the evaluation of their effects on adsorption. The re-
sults obtained are represented in Table 3 and Fig. 3. It is cleareight of adsorbed
il (mg)
Adsorbed
oil qe (mg/g)
Ce/qe log qe log Ce
90 900 0.61 2.95 2.74
48 493.3 0.53 2.69 2.41
83 366 0.23 2.56 1.93
89 270 0.20 2.43 1.74
94 194 0.15 2.29 1.48
98 132 0.08 2.12 1.00
75.6 756 0.82 2.88 2.79
36 453.3 0.71 2.66 2.51
61.2 322.4 0.60 2.51 2.29
73.6 248 0.53 2.39 2.12
84.92 184.9 0.41 2.27 1.88
91.3 127.5 0.34 2.11 1.64
92 920 0.59 2.96 2.73
56 520 0.42 2.72 2.34
87.2 374.4 0.17 2.57 1.81
91 272.9 0.16 2.44 1.65
95.4 195.4 0.12 2.29 1.36
98.6 132.4 0.05 2.12 0.85
00.2
0.4
0.6
0.8
1
0 100 200 300 400 500 600 700
Ce (mg/l)
C
e/
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Figure 4 Langmuir adsorption isotherm of oil on bentonite,
PAC, and DC.
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Figure 5 Freundlich adsorption isotherm of oil on bentonite,
PAC, and DC.
14 K. Okiel et al.that although the amount of oil adsorbed per unit weight of
adsorbents qe increases by increasing the adsorbate concentra-
tion yet the oil removal% decreases as the initial oil concentra-
tion (C0 mg/L) increases. The oil removal% by bentonite at the
initial oil concentrations of 836 and 1613 mg/L were about
96.5% and 85.5%, respectively. For PAC, when the initial
oil concentration increased from 836 to 1613 mg/L, the oil re-
moval% decreased from 82.6% to 72.5%. For DC, when the
initial oil concentration increased from 836 to 1613 mg/L,
the oil removal% decreased from 97.5% to 88.3%. Increasing
the initial oil concentration led to increasing the amount of oil
adsorbed per unit weight of adsorbents and consequently the
remaining surface area decreases. It is also noted that DC
showed a better oil removal efﬁciency than PAC and nearly
equal to bentonite. DC and bentonite having higher porosity
and surface area so they are more appropriate materials for
the removal of oil from oil–water emulsions.Table 5 Regression analysis for sorption of oil by bentonite, PA
Freundlich models.
Absorbent Langmiur model Y= mX± c Corre
coeﬃ
KL b r
Bentonite 7.12 0.0071 0.123 Y= 0.001X+ 0.1405 0.880
PAC 2.58 0.0021 0.323 Y= 0.0008X+ 0.3871 0.872
DC 9.23 0.0092 0.097 Y= 0.001X+ 0.1084 0.9223.3. Adsorption isotherms
The adsorption isotherm studies were performed by using sam-
ples of initial oil concentrations of 1000 mg/L, with an adsor-
bent dosages of 0.1, 0.3, 0.5, 0.7, 1.0, 1.5 g/200 ml, and stirring
to the equilibrium time which is determined previously. The re-
sults were given in Table 4.
The equilibrium experimental data for the three adsorbents
were analyzed using Langmuir isotherm by plotting Ce/qe
against Ce (as shown in Fig. 4) and Freundlich isotherm by
plotting log qe against log Ce (as shown in Fig. 5).
The results of the regression equations obtained for the
Fig. 5 adsorption of oil-in-water emulsions by PAC, DC and
bentonite are presented in Table 5.
The isotherms yield constants whose values express the
afﬁnity of adsorbate for the surface of adsorbent. Appling the
Langmiur isotherm model, it was observed that KL varies from
7.12 to 9.23, b (L/mg) the Langmuir constant ranges from 0.009
to 0.002, and the values of r calculated by the above Eq. (3) are
between 0 and 1 conﬁrming that isotherm is favorable. Apply-
ing the Freundlich model, the values of Kf are 42.55, 10.39 to
53.2 for bentonite, PAC, and DC, respectively. The higher val-
ues indicating more sorption, so the results show that DC of-
fered a maximum sorption capacity compared with bentonite
and PAC, also the sorption capacity of bentonite is higher than
that of PAC, 1/n values for PAC, bentonite and DC are 0.66,
0.47, and 0.44, respectively. The smaller values of 1/n, the high-
er the afﬁnity between adsorbate and adsorbent. Similar trend
was also observed [28,29] for removal of oil.
The adsorption data obtained by Langmuir isotherms mod-
el with lower correlation coefﬁcients (R= 0.87–0.92) while the
adsorption data analyzed by the Freundlich isotherms model
conform best to following Freundlich equation with good cor-
relation coefﬁcients (R= 0.9798–0.9962). So Freundlich iso-
therm is best to describe the sorption of oils from oil–water
emulsion by the three adsorbents.
4. Conclusion
 The results of studies carrying out the adsorption of oil
onto the three adsorbents powder activated carbon
(PAC), or bentonite, and Deposited carbon (DC) lead
to the following conclusions:
(1) The evaluation of the performance of bentonite and DC
as adsorbents compared with the standard activated car-
bon indicates that they are more efﬁcient in removing oil
from oil–water emulsions. Bentonite may be used because
of lowest cost, natural and abundant source for oil
removal; alsoDCmay be used as an alternative adsorbent
material to the more costly standard activated carbon.C, and DC and the parameters estimated using Langmuir and
lation
cient R
Freundlich model Y= mX± c Correlation
coeﬃcient R
KF 1/n
4 42.55 0.466 Y= 0.466X+ 1.629 0.979
4 10.37 0.658 Y= 0.658X+ 1.016 0.996
6 53.08 0.442 Y= 0.442X+ 1.725 0.983
Treatment of oil–water emulsions by adsorption onto activated carbon, bentonite and deposited carbon 15(2) The adsorbed amount of oil increases with increasing
the dosage of the adsorbent, so that a higher dosage
required to reach the equilibrium faster than the low
dosage to increase the surface area of adsorbent.
(3) The adsorbed amount of oil increases with the increase of
contact time and reaches the equilibrium after 2.0 h. The
equilibrium time is independent of the initial oil
concentration.
(4) The adsorbed amount of oil is dependent on the initial
oil concentration. It decreases as the initial oil concen-
tration increases.
(5) The adsorption data obtained by the Langmuir isotherm
model has lower correlation coefﬁcient than the adsorp-
tion data by Freundlich isotherm model. So the Freund-
lich isotherm best describes the adsorption of oils from
oil–water emulsion by the three adsorbents.
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